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ABSTRACT 



Directing a laser beam at a surface to be treated, such as 
a metallic surface which is likely to reflect much of the 
energy, results in a high proportion of absorbed energy 
if the laser beam has an oblique incidence, particularly if 
the laser beam is polarized in a direction parallel to the 
plane of incidence (defined as the plane which contains 
the axis of the laser beam and the perpendicular to the 
surface at the center of the spot of incidence). In the 
case of iron and steel surfaces the absorbtion is mark- 
edly increased at angles of incidence greater than 45° 
and just short of glancing incidence, with a maximum 
near 80*. 

2 Claims, 2 Drawing Figures 
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the applied surface coating, according to the nature of 
LASER BEAM SURFACE TREATMENT PROCESS the surface, either burns in under laser irradiation or 

FOR MATERIALS OF LARGE REFLECTIVITY also melts into the material, such a removal of the coat- 
ing materia] either involves great difficulties or is actu- 

The invention concerns a process for surface treat- 5 ally impossible. For certain application, therefore, such 
ment of work pieces by means of a laser beam in which a surface coating is out of the question. Especially in the 
the laser beam and/or the work piece are guided in case of already fully-machined and polished parts that 
relative movement so as to control the duration of im- are ideally suited for spot surface treatment with a laser 
pingement of the beam on the work piece and the por- it is not possible to include a step of additionally apply- 
tions of the surface treated. io ing and absorbing coating. 

With the introduction of power lasers, new processes 
have become known for treating the surfaces of materi- THE INVENTION 

als with laser rays. The laser radiation is in these cases It is an object of the present invention to increase the 
partly absorbed, the surface heats up and the underlying absorbed portion of the irradiated laser energy in a 
portions of the material surface are, to a limited extent, 15 surface treatment process without requiring that the 
heated up also by the heat conductivity of the material. surface must provided with a special coating. 
According to the power density of the laser radiation Briefly, the laser beam is linearly polarized and the 
and the duration of exposure thereto the material be- angle between the incident beam and the perpendicular 
comes incandescent, liquid or vaporized. The coire- to the surface and also the direction of the polarization 
sponding technical processes are, in the first case, hard- 20 vector are so selected as to maximize the ratio of ab- 
ening and tempering of metallic surfaces, in the second sorbed to reflected energy. Preferably the direction of 
case surface fusion by local melting, i.e. alloy modifica- polarization is substantially parallel to the incidence 
tion or surface incorporation of additional alloying plane of the laser beam and in the case of iron or steel 
elements, and also welding together. The third case is surfaces the incidence angle of the laser beam is prefera- 
the separation or cutting through of materials. 25 bly a >45° angle. 

In the majority of these cases the beam and the work The invention makes use of the relation known al- 
piece are moved relative to each other, i.e. the beam ready in basic research that the proportion of linearly 
traces a track on the surface of the work piece, while polarized light that is absorbed from a certain surface, as 
the irradiated energy and the rate of advance are so a function of the angle of incidence and the direction of 
chosen that the required process temperature is 30 polarization vector to the plane of incidence of the ray, 
reached. runs through a maximum. The application of this law of 

Laser processing is applied with particular success to nature known already for a long time to the treatment of 
tempering or hardening of metallic surfaces. In such work piece surfaces by means of laser radiation has led 
work the surface is heated to the desired transformation to the unexpected result that with the maintenance of 
temperature by the laser beam. Since the beam moves 35 an optimum incidence angle and the use of light linearly 
on, the still heated surface is no longer illuminated by polarized in a particular direction with respect to the 
the beam in the next instant and the just-heated layer is incidence plane the absorbed energy portions become 
suddenly cooled by the lower lying cooler layers be- so great that as a rule all supplementary coatings of the 
cause of the high heat conductivity of the metal. Hard- surface can be dispensed with. Thus, it has been found, 
ening depths up to 1 mm are typically obtained, for 40 for example, that in the irradiation of an iron surface 
example with a CO2 laser. with a CO2 laser at an incidence angle greater that 70°, 

The advantages of heat treatment of surfaces with (the angle being measured between the perpendicular 
laser beams are principally that the beam can easily be and the axis of the radiation beam) the absorbed portion 
directed on its path without inertia into corners and of the irradiated energy amounts to about 50°. The 
angles of the work piece. The surface can also be 45 polarization direction in this case was parallel to the 
treated in a manner limited to a particular point or local- plane of incidence, which plane is defined as the plane 
ity and thus hardened only where the loads requiring that includes both the incident ray and the perpendicu- 
hardness appear. The heat loading of the bulk material lar to the surface that is to be treated at the point of the 
is very slight, so that no warping of the work piece takes ray's incidence. 

place such as is feared in other hardening processes. In 50 In the case of iron and steel the energy absorbtion 
all known and technically applied processes the beam of percentage is already noticeably improved with an 
a power laser is directed perpendicularly against the angle of incidence of 45* and the absorbtion does not 
surface. The reflection of metallic surfaces in these fall back to level for 45* until the angle is within a few 
processes is very high. With irradiation of a metallic degrees of 90° (grazing incidence), 
iron surface with a CO2 laser, the portion of the radia- 55 The advantages of the process of the invention are 
tion that is reflected back from the surface typically lies that with the elimination of any necessity of providing a 
at about 95%, Le. only the remaining 5% is absorbed by special coating hardening can, for example, be carried 
the work piece and converted into heat. out on already-finished machined and polished parts. 

In order to improve this result it is known to provide The greater economy of such hardening processes is of 
the surface to be treated with a special coating which 60 particular significance in mass-produced articles such as 
increases the absorption of the laser radiation. Colored are required in the automobile industry, 
paint, phosphating, black finishing (like the oxidizing of The process of the invention is, furthermore, also of 
gun barrels) and the like are resorted to for the provi- advantage in the case of all other surface treatments by 
sion of such coatings. laser, since the process generally raises the proportion 

The special coating just mentioned does actually 65 of the absorbed energy and thereby the efficiency. The 
increase the absorbtion capability, but it also provides process can advantageously be applied also to surfaces 
an undesired complication in further manufacture, since other than metallic surfaces. It is merely necessary by a 
it must first be applied and then again removed. Since simple series of experiments to determine the optimum 
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angle of incidence and the preferred direction of the 
polarization vector. 

THE DRAWING 

The invention is further described by way of illustra- 5 
tive example with reference to the annexed drawing in 
which: 

FIG. 1 is a diagram defining the angle of incidence p, 
and 

FIG. 2 is a graph which shows the percentage of 10 
absorbtion for two different cases of polarization of the 
laser beam as a function of the angle of incidence p. 

DESCRIPTION OF THE PROCESS OF THE 
INVENTION 

In FIG. 1 E/ is the incident laser beam arriving at an 
angle p from the vertical and E r is the reflectant laser 
beam from the treated surface. The arrow E a indicates 
the portion of the energy absorbed by the material. The 
relation holds 



15 



20 



As already mentioned above, the optimum angle of 
incidence p for iron surfaces is greater than 70°. The 25 
absorbed portion of energy reaches there a magnitude 
of about 50%, which corresponds roughly to the values 
obtained with special coatings. 

FIG. 2 shows qualitatively the effect of the linear 
polarization of the laser beam. The absorbed portion of 30 
the energy is plotted in percent as ordinate, with the 
angle of incidence p as defined in FIG. 1 plotted as the 
abscissa. 

The curve E s shows the absorbed portion of the en- 
ergy for the case of irradiation of an iron surface with 35 
light polarized perpendicularly to the plane of inci- 
dence, while the curve B p shows the same relation for 
light polarized parallel to the plane of incidence. The 



plane of incidence is, as mentioned above, the plane 
defined by the incident ray and the perpendicular to the 
surface at the point where the ray is incident. 

It can be seen from FIG. 2 that in the case of parallel 
polarization a prominent maximum of the absorbed 
portion of the energy is found at an angle of incidence 
of about 80°. The relations described above for the case 
of irradiation of an iron surface of course vary accord- 
ing to the particular treatment process and material 
properties such as roughness, thickness of an oxide 
layer, surface temperature, etc. Optimization is easy for 
the person familiar with the laser surface treatment art 
to carry out by applying the teaching of this invention, 
The process of the invention is immediately of interest 
for carrying out with CO2 lasers which are particularly 
well-suited for the field of metal treatment. The applica- 
tion of other lasers is in principle, likewise, possible. 

Thus, it will be seen that although the invention has 
been described with reference to a particular illustrative 
example, variations and modifications are possible 
within the inventive concept. 

We claim: 

1. A process of surface heat treatment of work pieces 
by means of a laser beam, comprising the steps of: 

directing said laser beam to impinge on the surface to 
be treated at an angle of incidence greater than 45°, 
said angle of incidence being defined as the angle 
between the axis of said laser beam and the perpen- 
dicular to said surface where it is intersected by the 
center of said laser beam, and 

polarizing said laser beam linearly in a direction sub- 
stantially parallel to the plane of incidence of the 
laser beam, thereby maximizing the portion of the 
laser beam energy absorbed by the work piece. 

2. Process as defined in claim 1 in which said angle of 

incidence is greater than 70°. 

***** 
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[57] ABSTRACT 

A method of zone refining a crystal wafer (116 FIG. 1) 
comprising the steps of focusing a laser beam to a small 
spot (120) of selectable size on. the surface of the crystal 
wafer (116) to melt a spot on the crystal wafer, scanning 
the small laser beam spot back and forth across the 
surface of the crystal wafer (116) at a constant velocity, 
and moving the scanning laser beam across a predeter- 
mined zone of the surface of the crystal wafer (116) in a 
direction normal to the laser beam scanning direction 
and at a selectible velocity to melt and refine the entire 
crystal wafer (116). 

15 Claims, 4 Drawing Sheets 
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LASER FURNACE AND METHOD FOR ZONE 
REFINING OF SEMICONDUCTOR WAFERS 

ORIGIN OF THE INVENTION 

The invention described herein was made in part in 
the performance of work under a NASA contract, and 
is subject to the provisions of Public Law 96-517 (35 
USC 200-211). 

TECHNICAL FIELD 

The invention relates generally to laser furnace tech- 
nology and more particularly to a furnace for use in a 
low or zero gravity environment such as a spacecraft 
and employing a laser beam to heat, melt, and thereby 
refine a crystal wafer by scanning the laser beam across 
the crystal wafer by zones. 



10 



BACKGROUND OF THE INVENTION 



20 



For many years various efforts have been made to 
design new and better furnaces for zone refining of 
crystal wafers in a low or zero gravity environment by 
the generation of very precise melt zones with precision 
control of temperature gradients around the melt zone, 25 
without which portions of the crystal wafer might de- 
velop undesirable molecular and/or crystalline struc- 
tural changes which could not be properly refined. The 
refining process in space (zero gravity) allows better 
control of thermal convection currents, unusual and 30 
undesirable melt zones, and more convenient ways to 
hold the crystal wafers without physically touching 
them. 

It is anticipated that small, unusual type crystals, not 
yet even discovered, will be required for advanced 35 
detectors and semiconductors devices. Only experi- 
ments in a very low or zero gravity environment will 
reveal what possibilities exist and are practical. 

The current problem is to provide a furnace which 
will be adequate to meet the rigid condition require- 4$ 
ments of such a zone refining process. 

BRIEF SUMMARY OF THE INVENTION 

A primary object of the invention is to provide a laser 
furnace which can be used in a low or zero gravity 45 
environment to zone refine a crystal wafer with a scan- 
ning laser beam and with precision control of the tem- 
perature gradients around the melt zone. 

Another object of the invention is to provide a laser 
furnace for use in space and which is capable of scan- 50 
ning a crystal wafer to create very precise melt zones in 
the crystal wafer. 

Yet another object is to provide a laser furnace for 
use in space which is capable of scanning a crystal wafer 
with a high power laser beam to generate very precise 55 
melt zones with precision control of the temperature 
gradients around the melt zone. 

Still another object of the invention is to provide an 
improved laser furnace for use in space generally. 

In one preferred form of the invention there is pro- 60 
vided a method of zone refining a crystal wafer com- 
prising the steps of focusing a laser beam to a small spot 
of selectable size upon the surface of the crystal wafer at 
an angle of maximum absorption, scanning the small 
laser beam spot back and forth across the surface of the 65 
crystal wafer at a constant velocity to generate a melt 
zone, and moving the melt zone along a predetermined 
length of the surface of the crystal wafer in a direction 



normal to the laser beam scanning direction and at a 
selectable velocity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1 and la together show a structural schematic 
representation of the invention with most of the more 
important elements shown therein, including a very 
general representation of a three section cabinet con- 
taining the laser generating means, the electronic cir- 
cuits and controls therefor, and also shows the com- 
puter system components; 

FIG. 2 is a more detailed showing of the generation 
of the laser beam, the means for measuring the intensity 
of the beam, and shutter means for blocking the beam 
from entering the surface portion of the system when 
desired; and 

FIG. 3 shows the Menu Table of the computer por- 
tion of the system. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A block diagram of the system is shown in FIG. la 
The laser beam 100 is directed through three beam 
steering mirrors 102, 104, and 106 to the galvanometer 
112-driven scan mirror 108 which is mounted within the 
stepper motor 110-drivcn linear translation stage 126. 
The scan mirror 108 directs the laser beam 100 through 
a focusing lens 114 that focuses the laser beam down to 
a spot 120 on the sample surface 122 of crystal wafer 
116. The angle that the beam 100 strikes the surface 122 
can be changed by remounting the scan mirror 108 and 
lens 114 at various predrilled holes (not shown) within 
the translation stage 126. The change in angle is impor- 
tant to increase laser power absorption by the crystal 
sample by impinging at or near the Brewster angle. 

The lens 114 used to focus the beam 100 is mounted 
on a small, stepper motor 130-driven linear-translation 
stage 113 to allow control over the focused beam spot 
120 size. By moving the stage 113 the beam can be 
defocused to heat a larger area of the wafer 116 at any 
one instant in time. The laser beam 100 at the lens 114 is 
about 1 cm in diameter and the lens 114 can have a focal 
length of 24.5 cm. By measurement, the sharpest focus 
of the laser beam gives a spot 120 about 0.5 mm RMS in 
diameter, which is larger than a perfect diffraction lim- 
ited spot by about a factor of two. 

Opposite the lens 114 to the right in FIG. la is a 
second stepper motor 132-driven linear stage 159. It is 
used either to hold an absorber 134 to trap the reflected 
beam 100 or to position a concave mirror (in place of 
absorber 134) to focus the beam 100 back down to the 
surface 122 to increase the energy absorbed in the sam- 
ple 116. When a concave mirror is used as element 134 
it is driven by stepper motor 132 (via translation stage 
159) to produce a spot that scans back and forth 180* 
out of phase with the original spot 120, but in the same 
zone area. 

A vacuum chamber 140 holds the sample 116. The 
chamber 140 is designed to allow the beam 100 to enter 
at 45* or at normal incidence via salt windows 142, 144, 
and 146. The normal mode of operation is to send the 
laser beam in at 45 s and to view the sample through the 
top salt window 144 with a pyromometer 148 for tem- 
perature measurements. The vacuum chamber 140 does 
not move and the small salt windows 142 and 146 allow 
only a 2 cm scan distance on the sample 116. 

It should be noted that, if desired, the glassed-in port 
129 can be used to observe the bottom surface of the 
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crystal wafer sample 116. If desired the first pyronome- the laser furnace assembly 192 and the laser power 

ter 148 or a second pyronometer 148a can be mounted supply 176. The laser tube coolant control 178 and the 

as shown to view the sample 116 through port 129 by gas mixture control 180 are controlled by dials and 

means of reflection off fold mirror 143. meters on the control panel 155 of FIG. 1 which is 

A vacuum ion pumping system 135 is connected to 5 positioned on the front of the cabinet 153 of FIG. 1. 

vacuum chamber 140 through tube 137 and aligned Two major experiments were performed to verify the 

orifices in flanges 133 and 131. The crystal wafer 116 is operation of the equipment shown in FIGS. 1, la and 2. 

placed over an orifice 139 in the middle plate 151. One of these experiments used silicon as the semicon- 

The Pyronometer 148 field of view is linearly mov- ductor material and the second experiment used a nickel 

able both in the X and Y coordinates by two galvanom- 10 based super alloy (MARM-246) as a metallic crystal, 

eters which drive mirror 147 (galvanometers not shown silicon was selected because its properties were well 

but similar to galvanometer 112) to measure the heat ^ and much experimental data was available relat- 

generated at any given desired spot and at any desired ing t0 ^ me Q f carbon dioxide lasers to melt or cut the 

tune during the scanmng penod of the laser beam silicon ^ Nickel based super ^ were of 

The en^e assembly 126, includmg galvanometer 112, 15 ticular mterest ljeemt of their i^^e in 

focusing lens 114 and its earner translation stage 113, engines and at high temperatures in Yeneral. 

spherical mirror (or absorb^) 134, and its earner stage m preparation for ^ experiments the carbon dioxide 

159 stepper motor drives 130 and 132, and pyronome- laser of FIQS 1 ^ wUh ^ ^ beam 10Q 

ter 1*8 and Us galvonometer driven mirror 147 are aU ^ utcr control was laced into operation . ^ 

movable together m unison on threaded earner shaft 20 l^r beam 100 supplied over 50 watts on a sample sur- 

125 which is dnven by stationary stepper motor dnve <v^,™j n J^L* „ » . n < m. u 

110. Rods 123 and 121 function to guidTthe movement tQ J S P? taSSmaUaS °^ m : beam was 

of stage 126 in a uniform, translation^ motion. toly scaled at frequencies selectively ranging from 

The triangular pattern of the laser beam path on the °™ t0 t ? a Thc wl * h u of Ae was ma * e expand- 

crystal wafer 116 is a result of the constant velocity, 25 Me ^ £ " ™ and the scan zone moved at speed 

linear motion of the translation stage 126 in a horizontal [angmg from 0.001 to 25 cm/sec. The basic goals for the 

direction X in the plane of FIG. la and with it the same c ? ntrol were *" 1 ach l ieve J?' 

component of constant velocity linear motion of the ^ attempts to melt the silicon wafer revealed a 

laser beam spot on the wafer 116, combined with the major P roblem wth the whl <* was determined 

simultaneous linear back and forth scanning motion of 30 to be ™ excessive loss of laser P° wer through the opti- 

the laser beam 100 resulting from the movement of the 031 trahL All of the initial beam alignment had been 

galvonometer driven mirror 108 which is repetitious previously done at low power settings and it was not at 

over a single line that is stationary with respect to the first realized that when the laser power was increased 

translation stage 126 in the direction X in which it is ^ hcam diameter also increased. The scan mirror 108 

moving, but perpendicular to the direction X. 35 of FIG - la has a cir cular shaped graphite absorber 107 

All parts of the scanning system are controlled by a positioned to trap the laser beam 100 if the alignment 

microprocessor control computer 150 of FIG. 1. The moves. Because of the doughnut shaped mode assumed 

computer 150, accessible by keyboard 152, can be a by the laser when the beam diameter increased the 

single board system based on a Motorola 6809 micro- graphite absorber 107 blocked the outside diameter 

processor, and can use the FLEX operating system. 40 thereof and the power transmitted to the sample actu- 

XB ASIC can be used for most of the programming but decreased. When the situation was finally realized, 

some routines are preferably written in assembly lan- hole m t^ e graphite absorber 107 was increased and 

guage. The system has a real time clock, analog to digi- a larger scan mirror 108 was placed on galvanometer 

tal (A/D) circuits to read the laser power meter 188 of 112 of FIG. 1. With that remedy the silicon wafers were 

FIG. 2 and drivers for the stepper motors, scan mirrors, 45 melted for the first time. It fact, it was discovered very 

and laser beam shutter 182 (FIG. 2). Peripherals can quickly that any power setting over 50 watts heated up 

include a keyboard 152, a CRT display 154, a printer the sample too rapidly and the silicon wafer shattered. 

156, and a dual 5.25 double sided, double density floppy Measurements of the optical system transmission effi- 

disc drives (not shown in FIG. 1). The major compo- ciency to determine the maximum power that could be 

nents of the system were obtained, assembled, and sup- 50 placed on the silicon wafer sample revealed that all the 

plied by Penn Research Corporation (PRC) of Ken- mirrors reflected more than 99 percent of their received 

nesaw, Ga. power but that about 20 percent of the laser power was 

FIG. 2 shows generally how the CC>2 laser beam 100 lost at the focusing lens 114 due to surface reflection, 

is generated and fits into the overall system. A laser tube Therefore, at any reading of the power meter 188 (FIG. 

170 powered by laser power supply 176 is positioned 55 2) the actual power on the surface 122 of crystal wafer 

between a rear cavity mirror 174 and a front cavity 116 was 20 percent less. 

mirror 172, between which the laser beam is reflected The silicon wafer samples used in the experiments 
back and forth and generates itself. Both cavity mirrors were integrated circuit wafers 24 cm in diameter and 1 3 
174 and 172, however, will pass some of the laser beam mils thick. At a 45* angle of incidence the wafers trans- 
with front cavity mirror 172 passing more of the laser 60 mitted 50 percent of the incident energy and reflected 
beam than rear cavity mirror 174. 37.5 percent thereof, leaving 12.5 percent to actually 
That portion of the generated laser beam passing heat up the crystal wafer material. As the temperature 
through front cavity mirror 172 will enter the laser of the sample increased, the absorption increased. The 
furnace assembly 192 of FIG. 2 when the lead shutter data recorded agreed very well with published data. At 
182 is in its open position 184. A smaller amount of the 65 power settings of 40 watts, melt zones 5 mm wide were 
laser beam will enter power meter 188 to indicate the generated and moved along the sample. The main trans- 
laser beam intensity or power. Both laser power meter lation stage 126 velocity had to be slower than 2 
188 and shutter 182 are controlled by computer 150 as is mm/sec or the melt zone could not be maintained. 
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Attempts to melt the nickel/based super alloy metal To make an experimental run the parameters must first 

crystals were unsuccessful. The laser power of the par- be entered and stored in a data table. An example of a 

ticular form of the invention was insufficient to melt the typical data table is shown 
size sample available. These samples were rods about 5 

mm in diameter and 49 mm long. The high reflectivity 5 

of the metal indicated that more than a hundred watts I U 

might be required to initiate the melt (A) assembly stage start position i.oooi cm. 

in operating the system the following procedures » assembly stage mooj* 

were used. The carbon dioxide laser beam was gener- (D) LENS stage position 1.4998 cm. 

ated as shown in FIG. 2. However, the specifics of the 10 (E) mirror stage position 1.4998 cm. 

procedures for generating the carbon dioxide type la- (F) PRIMARY SCANNER FREQUENCY 1000 (par) 

sers used herein are well known in the art and will not £> ™^* RY scanner amplitude 500 (par) 

, . , *u *u : 4 u 1 — (H) PYROMETER X AXIS FREQUENCY 1 (par) 

be described herein other than in the general manner (I) pyrometer x axis AMPLITUDE 1 (par) 

shown in FIG. 2. Reference is made to the following (j) pyrometer y axis frequency i (par) 

publications for further information relating to CO2 15 (K) pyrometer y axis frequency 1 (par) 

lasers: (1) "American Institute of Physics Handbook", ^^Ah^I^L^I^^ ? 2000 * 

Dwight E. Gray, Coordinating Editor, McGraw-Hill CM) NXJMBER 0F TlMES TO EXECUTE 1 



Book Company, Colonial Press, NY, Third Edition I^^'J^S 100 '" 

1972, Section 6, Page 326 and (2) "Introduction to Laser Example or data able. 
Physics", Bela A. Lengyel, Professor, San Fernando 20 

Valley State College, John Wiley and Sons, Inc., New The data table build option allows the operator to gen- 
York, 1966, Chapter V, Page 209, all of which are in- erate a new data table whenever desirable. The com- 
corporated herein by reference. puter will ask for a name for the data file and than ask 

Once the laser is on and operating the shutter 182 • for each parameter one at a time. After the values are 

(FIG. 2) has to be switched open to position 184 to 25 entered the computer will ask if the file is to be saved or 

allow the beam to reach the scanning optics, as shown printed. When the file is saved, the menu option will 

in FIG. la. When the shutter 182 is closed the laser again be displayed and the operator can select the Exe- 

beam 100 is blocked by a metal trap which is shutter cute mode for the table option. The computer will ask 

182. Even at full laser power the shutter 182 will trap for the file name to run and then ask if any changes to 

the laser beam 100 continuously without overheating. 30 the parameters are required By entering the letter be- 

The power meter 188 (FIG. 2) is located immediately side the parameter the operator can change the table 

behind the rear cavity mirror 174 and operates by mea- before running it. There is also an option to save or print 

suring the small percentage of the laser beam transmit- the parameters as they are now on the screen. The com- 

ted by the rear cavity mirror 174. Therefore, the power puter wiU automatically store any table on disc after the 

meter 188 will read the correct power even when the 35 command is actually given to run the table. The disc file 

shutter 182 is closed. is called LASTRUN and is insurance that the last ran 

The laser power can be optimized by adjusting the data can be retrieved, 

cavity mirrors 174 and 172 at each end of the laser 170 The example of the typical data selected by the oper- 

by rotating each of the two mirrors about two orthogo- ator under the TABLEBUILD MODE of the MENU 

nal axes by suitable means (not shown). The maximum 40 of FIG. 3, as shown in the above Table, will now be 

power is obtained when the cavity mirrors are set for a discussed in some detail. 

"doughnut" mode (TEM01) of operation of the laser The assembly stage 126 (FIG. la) start and stop posi- 

beam. Thermal image plates can be manually placed in tions in rows A and B of the above Table are in centime- 

the path of the laser beam to locate the invisible carbon ters as are the positions of the lens 114 stage in row D 

dioxide laser beam and determine when the best align- 45 and the absorber (or mirror) 134 in row E. The given 

ment is achieved. A small ultra-violet lamp is used to measurements of the assembly stage start and stop posi- 

iUuminate the thermal image plates causing them to tions are relative to the zero drive position of stepper 

fluoresce. The laser beam will cause the fluorescence to motor drive 110, i.e., the extreme left position, and the 

cease and appear as a dark image on the thermal image measurements of the positions of the lens 114 and mirror 

plates. 50 134 stages are relative to zero left and right extreme 

To operate the computer 150 (FIG. 1), the power is positions of stepper motor drives 130 and 132, respec- 

turned on and a reset button (not shown) is pushed. The tively. 

computer 150 is then instructed to load the operating The assembly stage 126 velocity of row C in FIG. 6 
system. When the operating system is loaded the com- is in milliseconds which is represented and translated by 
puter will give the time and date display the FLEX 55 the parameter 100 set in a specific memory location in 
system READY MESSAGE. The control program is the computer RAM. The primary scanner 108 (FIG. la) 
written in basic so the basic language must be loaded. frequency and amplitude are also represented by param- 
The operator loads basic by typing "XBASIC" and eter numbers which are set in designated memory loca- 
hitting the carriage return key. When the READY tions in the computer RAM and translated by the corn- 
message is displayed the actual control program is 60 puter into time frequency and amplitude of the galva- 
loaded by typing the code word "load NASA3" and nometer 112. 

again hitting the carriage return key. Once the READY Rows H, I, J, and K represent the frequencies and 

message is again displayed the operator can run the amplitudes of two galvanometers (not shown) that can 

control program by typing "RUN" and once again be employed to drive the following mirror 147 along 

hitting the carriage return key. 65 coordinate X and Y axis in much the same way as galva- 

The control program first displays a Menu Option nometer 112 drives the scanning mirror 108. 

table. An example is shown in FIG. 3. An option is The two additional galvanometers used to drive mir- 

selected by entering the number below each selection. ror 147 would be under control of the system computer 
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150 and would permit the pyronometer 148 to monitor 
the heat on any spot on the crystal wafer surface. 

The numerals "1" in column II of rows H through K 
are purely arbitrary and meaningless parameters. If the 
two additional galvanometers for driving mirror 147 of 5 
FIG. 1 were actually used, meaningful parameters 
would be placed in rows H through K of column II. 

In row L the initial wait for melt zone is selected as 
32000, which represents the number of dummy scan 
loops that the computer makes to allow the zone on the 10 
crystal wafer being scanned to melt before the assembly 
stage 126 begins to move. The number 32000 is a param- 
eter representing a given time interval and is set into a 
given memory position in RAM by the operator. Row 
M represents the number of times the melt (scan) zone 15 
will be moved through the crystal wafer sample. 

In the table below there is shown the relationship 
between ten choices of values in column II ranging 
from 50 to 32000 and the corresponding velocity of the 
stage 126 (FIG. la). The value 50, for example, placed 20 
in a preselected memory location of the computer, re- 
sults in a velocity of 5.00 millimeters per second 
(mm/sec) of translation stage 126 (FIG.. 1). The value 
2000 (column II, row 6) of the above Table results in a 
velocity of 0.171 mm/sec of stage 126. The start and 25 
stop positions of stage 126 are predetermined by the 
values selected for rows A and B of the above Table. 



8 

-continued 



SCANNER FREQUENCY CALIBRATION 

III 

SCANNER MIRROR 
FREQUENCY (HZ) 



I 

ITEM 
12. 



II 

VALUE 
10000 



0.125 



I 

LINEAR 
STAGE 
ITEM 


II 

CALIBRATION 
VALUE 


m 

SPEED CALIBRATION 
SPEED MM/SEC 


1. 


50 


5.00 


2, 


100 


2.90 


3. 


200 


1.575 


4. 


500 


0.664 


5. 


1000 


0,338 


6. 


2000 


am 


7. 


5000 


0.069 


8. 


10000 


0.034 


9. 


20000 


aon 


10. 


32000 


0LO108 



30 



35 



Table relating scan mirror input parameter to scan frequency 

The sequence of events that happen after the instruc- 
tion to execute the RUN the control program is entered 
is listed below: 

(1) The lens and reflector stages are positioned to the 
locations specified in the data table. Both motors appear 
to run at the same time. 

(2) The main translation stage 126 is positioned to the 
zero reference point, Le., driven to the extreme left 
position in FIG. la. 

(3) The scan mirror 108 is started. (The shutter is not 
opened.) 

(4) The main translation stage 126 is moved to speci- 
fied start position. 

(5) The shutter 182 is opened and the laser beam is 
allowed to strike the surface 122 of wafer sample 116. 

(6) The main translation stage 126 is held stationary 
for the specified wait period. 

(7) The main translation stage 126 starts to move and 
drives to the final position specified in row B of FIG. 6. 

(8) The shutter 182 is closed. 

(9) The translational stage 126 is driven back to the 
zero reference position if it is the last run or to the melt 
zone start location if additional cycles are specified. 

(10) The cycle is repeated the specified number of 
times specified in row M of the data table. 

A galvanometer 112 is used to drive the scan mirror 
108 instead of an oscillating band so that the linear 
triangularly shaped sweep as depicted below can be 
produced. 



40 



Table relating mam translation table input parameters to table speed. 
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The table below shows the relation of the scan mirror 
input parameter entered in row F of the data table, to 43 
the actual scanning frequency in Hz of the scanning 
mirror 108 (FIG. 1). Thus, for example, in the table the 
scan mirror input parameter value of 1000, in row II, 
represents an actual scanning frequency of 1.25 Hz. The 
scan mirror input parameter value 1000 is preselected 
by the operator and placed in row F of the data bank. 
As mentioned above in connection with the data table, 
the amplitude of the primary scanner mirror 108 is rep- 
resented by the parameter 500. 



50 



55 



SCANNER FREQUENCY CALIBRATION 

m 



I 

ITEM 


n 

VALUE 


SCANNER MIRROR 
FREQUENCY (HZ) 


t. 


10 


125.0 


2. 


20 


62.5 


3. 


30 


41.7 


* 


40 


31.2 


5. 


50 


25.0 


6. 


60 


20.8 


7. 


70 


17.8 


8. 


80 


15.6 


9. 


90 


13.9 


10. 


100 


12.5 


11. 


1000 


1.25 



60 



65 



NOTE: 

SCAN IS TRIANGLE WAVE TO GIVE EQUAL TIME AT EACH SPOT ON 
THE SAMPLE. IN ACTUAL OPERATION THE BACK AND FORTH SCAN 
WOULD APPEAR AS A LINE THAT IS TRANSLATED ALONG THE 
SAMPLE. 

The waveform generated by the computer is a triangu- 
larly shaped wave and the galvanometer 112 will faith- 
fully follow the signal up to about 60 Hz. Above 60 Hz 
the scan becomes more and more sinewave shaped as 
the frequency is increased. The scan shown was 
achieved onto crystal wafer 116 below 60 Hz. 

The laser power is variably controlled by changing 
the current flowing through a current control variable 
modulator (not shown). The actual power obtained for 
any one setting varies from day to day for reasons 
which have not been established but is probably related 
to the gas mixture in which the laser is generated and 
temperature conditions. The graph below shows two 
curves which were obtained during attempts to cali- 
brate the dial settings of the meters (not shown) indicat- 
ing the laser current and resulting laser power. It is 
recommended that a dial setting less than 20 not to be 
used because dial settings lower than 20 produce high 
voltages across the laser tube 170 (FIG. 2) which may 
be high enough to break down the insulators that isolate 
the tube 170 from ground. Laser power settings above 
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80 on the dial are also not recommended due to the high 
currents through the tube 170. However, although the 
laser is rated at 85 watts it actually has a maximum 
power ranging from 70 up to 95 watts. Obviously other 
laser constructions can be employed which will provide 5 
a larger range of power and particularly a substantially 
greater maximum power setting. 



10 
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Control of the laser power may be accomplished by 
manual adjustment as described above or by automatic, 
real-time control through computer 150, using feedback 
signals from pyrometer 148 and from laser power meter 30 
18$ or from computer memory using previously pro- 
grammed parameter tables. 

It is to be understood that the form of the invention 
described and claimed herein is but one preferred em- 
bodiment thereof and that other embodiments of differ- 35 
ent parameters will be apparent to one of ordinary skill 
in the art. 

We claim: 

1. A method of zone refining a crystal wafer compris- 
ing the steps of: 40 

generating a laser beam having a selectable power 
wattage: 

focusing said laser beam to a small, selectable spot 

size on said crystal wafer; 
scanning said laser beam back and forth across said 45 

crystal wafer in a single straight line at a constant 

velocity; and 

moving said scanning laser beam across a predeter- 
mined zone of said crystal wafer in a direction 
normal to the scanning direction Of said laser beam 50 
and at a selectable velocity compatible with the 
scanning rate of said laser beam to uniformly melt 
a zone in said crystal wafer; and wherein said laser 
beam is directed upon the surface of said crystal 
wafer at an angle not greater than 75° with respect 55 
to the surface of said crystal wafer; and 

a portion of said laser beam is reflected from the 
surface of said crystal wafer and is returned to said 
surface of said crystal wafer to scan said crystal 
wafer a second time in a pattern similar to that of 60 
the scanning pattern produced by the original, 
unreflected laser beam but in a direction 180° out of 
phase with the original scanning pattern. 

2. A method as described in claim 1 comprising the 
further step of controllably varying the power wattage 65 
of said laser beam in response to real-time signals. 

3. A method as in claim 1 and comprising the further 
steps of: 



placing said crystal wafer in a chamber drawn down 
to a vacuum prior to scanning said crystal wafer 
with said laser beam; and 

placing a window in said vacuum chamber to enable 
said laser beam to pass therethrough and impinge 
upon the surface of said crystal wafer in said scan- 
ning pattern. 

4. A method of zone refining a crystal wafer compris- 
ing the steps of: 

focusing a laser beam to a small spot of selectable size 
on said crystal wafer; 

scanning said small laser beam spot back and forth 
across said crystal wafer at a constant velocity, and 

moving said scanning laser beam across a predeter- 
mined zone of said crystal wafer in a direction 
normal to said laser beam scanning direction and at 
a selectable velocity; and wherein said laser beam is 
directed upon the surface of said crystal wafer at an 
angle not greater than 75° with respect to surface 
of said crystal wafer; and 

a portion of said laser beam which is reflected from 
the surface of said crystal wafer is returned to said 
surface of said crystal wafer to scan said crystal 
wafer a second time in a pattern similar to that of 
the scanning pattern produced by the original, 
unreflected laser beam but in a direction 180* out of 
phase with the original scanning pattern. 

5. A method as in claim 4 and comprising the further 
steps of: 

placing said crystal wafer in a chamber drawn down 
to a vacuum prior to scanning said crystal wafer 
with said laser beam; and 

placing a window in said vacuum chamber to enable 
said laser beam to pass therethrough and impinge 
upon the surface of said crystal wafer in said scan- 
ning pattern. 

6. A method of zone refining a crystal wafer compris- 
ing the steps of; 

scanning a crystal wafer back and forth over the same 
absolute path with a laser beam focused to a small 
spot on the surface of said crystal wafer; and 

moving said crystal wafer relative to said focused 
laser beam on said crystal wafer in a direction sub- 
stantially normal to the direction of said scanning 
path; and wherein said laser beam is directed upon 
the surface of said crystal wafer at an angle not 
greater than 75* with respect to the surface of said 
crystal wafer, and 

a portion of said laser beam which is reflected from 
the surface of said crystal wafer is returned to said 
surface of said crystal wafer to scan said crystal 
wafer a second time in a pattern similar to that of 
the scanning, pattern produced by the original, 
unreflected laser beam but in a direction 180° out of 
phase with the original scanning pattern. 

7. A method of zone refining a crystal wafer compris- 
ing the steps of: 

scanning a crystal wafer back and forth over the same 
absolute path with a laser beam focused to a small 
spot on the surface of said crystal wafer, and 

moving said crystal wafer relative to said focused 
laser beam on said crystal wafer in a direction sub- 
stantially normal to the direction of said scanning 
path; and wherein said laser beam is directed upon 
the surface of said crystal wafer at a predetermined 
acute angle with the surface of said crystal wafer; 
and 
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10 



15 



20 



a portion of said laser beam which is reflected from 
the surface of said crystal wafer is absorbed by 
suitable means. 

8. A method as in claim 6 and comprising the further 
steps of: 

placing said crystal wafer in a chamber drawn down 
to a vacuum prior to scanning said crystal wafer 
with said laser beam; and 

placing a window in said vacuum chamber to enable 
said laser beam to pass therethrough and impinge 
upon the surface of said crystal wafer in said scan- 
ning pattern. 

9. Apparatus for zone refining a crystal wafer com- 
prising: 

first means of generating a focusable laser beam hav- 
ing a selectable power range; 

second means for focusing said laser beam to a small 
selectable spot size upon the surface of said crystal 
wafer; 

third means for scanning said laser beam in a single 
straight line back and forth across said crystal 
wafer at a constant relative velocity; 

fourth means of moving said scanning laser beam and 
said crystal wafer with respect to each other in a 23 
direction normal to said single scanning line and at 
a velocity compatible with said constant relative 
velocity to substantially uniformly melt said crystal 
wafer; 

fifth means for directing the laser beam upon the 30 
surface of said crystal wafer at an angle not greater 
than 75° with the surface of said crystal wafer, and 

sixth means for returning the portion of said laser 
beam reflected from the surface of said crystal 35 
wafer back to said surface of said crystal wafer to 
scan said crystal wafer a second time in a pattern 
similar to that of the scanning pattern produced by 
the original, unreflected laser beam but in a direc- 
tion 180° out of phase with the original scanning 40 
pattern. 

10. Apparatus as in claim 9 and further comprising r 
seventh means for placing said crystal wafer in a 

chamber drawn down to a vacuum prior to scan- 
ning said crystal wafer with said laser beam; and 45 
eighth means for placing a window in said vacuum 
. chamber to enable said laser beam to pass there- 
through and impinge upon the surface of said crys- 
tal wafer in a scanning pattern. 
. 11. Apparatus for zone refining a crystal wafer com- 50 
prising: 

first means for generating and focusing a laser to a 
small spot of selectable size on the surface of said 
crystal wafer, 

second means for scanning said smaller laser beam 
spot back and forth across said surface of said crys- 
tal wafer in a repetitive pattern and at a constant 
velocity; 

third means for moving said scanning pattern of said $q 
laser beam and said crystal wafer at a constant 
velocity relative to each other and at a direction 
substantially normal to said repetitive scanning 
pattern of said laser beam; 

fourth means for directing the laser beam upon the 65 
surface of said crystal wafer at an angle not less 



55 



than 75° with respect to the surface of said crystal 
wafer; and 

fifth means for returning the portion of said laser 
beam reflected from the surface of said crystal 
wafer back to said surface of said crystal wafer to 
scan said crystal wafer a second time in a pattern 
similar to that of the scanning pattern produced by 
the original, unreflected laser beam but in a direc- 
tion substantially 180* out of phase with the origi- 
nal scanning pattern. 

12. Apparatus as in claim 11 and further comprising: 
sixth means for placing said crystal wafer in a cham- 
ber drawn down to a vacuum prior to scanning said 
crystal wafer with said laser beam; and 

seventh means for placing a window in said vacuum 
chamber to enable said laser beam to pass there- 
through and impinge upon the surface of said crys- 
tal wafer in a scanning pattern. 

13. Apparatus for zone refining a crystal wafer com- 
prising: 

first means for scanning a crystal wafer back and 
forth in a single line repetitive manner over the 
same absolute path; 

second means for moving said crystal wafer and said 
single line repetitive scanning pattern relative to 
each other and in a direction substantially normal 
to said single line repetitive scanning pattern and at 
a constant velocity; 

third means for directing the laser beam upon the 
surface of said crystal wafer at an angle not less 
than 75° with respect to the surface of said crystal 
wafer; and 

fourth means for returning the portion of said laser 
beam reflected from the surface of said crystal 
wafer back to said surface of said crystal wafer to 
scan said crystal wafer a second time in a pattern 
similar to that of the scanning pattern produced by 
the original, unreflected laser beam but in a direc- 
tion substantially 180' out of phase with the origi- 
nal scanning pattern. 

14. Apparatus for zone refining a crystal wafer com- 
prising: 

first means for scanning a crystal wafer back and 
forth in a single line repetitive manner over the 
same absolute path; 

second means for moving said crystal wafer and said 
single line repetitive scanning pattern relative to 
each other and in a direction substantially normal 
to said single line repetitive scanning pattern and at 
a constant velocity; 

third means for directing the laser beam upon the 
surface of said crystal wafer at a predetermined 
acute angle with the surface of said crystal wafer; 
and 

fourth means for absorbing the portion of said laser 
beam reflected from the surface of said crystal 
wafer by suitable absorbing means. 

15. Apparatus as in claim 13 and further comprising: 
fifth means for placing said crystal wafer in a cham- 
ber drawn down to a vacuum prior to scanning said 
crystal wafer with said laser beam; and 

sixth means for placing a window in said vacuum 
chamber to enable said laser beam to pass there- 
through and impinge upon the surface of said crys- 
tal wafer in said scanning pattern. 
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